Current computational simulations on metallic nanowires are largely focused on ultrathin wires with characteristic sizes smaller than 2 nm. The electronic, thermal and optical properties form the bulk of these studies, with investigations of the mechanical properties centred on the breaking force of monatomic chains, and the structural evolution of small nanowires subjected to axial, shear, bending and torsional forces. This study seeks to build on the wealth of current knowledge for computational simulation on the mechanical properties of metallic nanowires. The simulation scale will be upped to 24 000 atoms to study a larger metallic nanowire with a 6 nm characteristic size scale. The commonly studied Au nanowire is studied in conjunction with the rarely examined Pt nanowire. The effects that size and strain rate have on the stretching behaviour of these nanowires are investigated through the simulation of nanowires with three characteristic sizes of 2, 4 and 6 nm, subjected to three distinct strain rates of 4.0 × 10 8 , 4.0 × 10 9 and 4.0 × 10 10 s −1 . The selected strain rates produce three distinct modes of deformation, namely crystalline-ordered deformation, mixed-mode deformation and amorphous-disordered deformation, respectively. The mechanisms behind the observations of these distinct deformation modes are analysed and explained. A Doppler 'red-shift' effect is observed when the nanowires are strained at the highest strain rate of 4.0 × 10 10 s −1 . This effect is most pronounced for the nanowire subjected to the largest stretch velocity. As a result, a constrained dynamic free-vibration phenomenon is observed during stretching, which eventually leads to delocalized multiple necking, instead of a single localized neck when it is strained at a lower rate. This unique phenomenon is discussed and future research effort is in the pipeline for a more detailed investigation into metallic nanowires strained at a supersonic velocity. 
Introduction
Metallic nanowires have been given significant attention from the nanotechnology research fraternity in the past decade. The rapid scaling down of electronic systems to molecular levels [1] [2] [3] requires nanoscale contacts that exhibit excellent ballistic electrical conductance. Metallic nanowires of the transition metal group were found to be excellent candidates for this purpose [4] [5] [6] [7] . Furthermore, due to their high sensitivity towards physical stimuli like forces, electricity and heat, coupled with the ability to operate under ultrahigh frequencies, metallic nanowires were also commonly used as nanoelectromechanical systems (NEMS) [8, 9] . The excellent biocompatibility characteristics exhibited by Au nanoclusters and exceptional surface reactivity of Pt nanomaterials for catalysis [10] had opened up useful applications in the biomedical and biochemical fields. The immense potential of metallic nanowires has inevitably called for rigorous research into their electrical [7, [11] [12] [13] , thermal [14] [15] [16] , mechanical [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , magnetic [27, 28] and optical [29, 30] properties. Extensive experimental works were performed on metallic nanowires, with particular focus on their electronic properties [6, 12, 31] , mechanical properties [32] [33] [34] [35] [36] and thermal properties [37] . Helical ultrathin gold and platinum nanowires or nanotubes were discovered by electron-beam irradiation on thin metallic films [38, 39] . Simulated annealing was also performed, which revealed that metallic nanowires undergo a structural rearrangement from an fcc lattice to a helical singleor multi-shell structure for characteristic sizes smaller than 2 nm [26, 40, 41] . Studies on mechanical properties of metallic nanowires were centred on ultrathin [18, 21, [42] [43] [44] [45] and monatomic chains [13, 22, 24, 46, 47] , with particular focus placed on Au, Cu and Ni nanowires. This paper presents a molecular dynamics (MD) simulation for solid fcc metallic nanowires. The simulation was performed for the commonly studied Au nanowire and the rarely studied Pt nanowire. Instead of focusing on the quantum-size effects, which are usually investigated for Au nanowires, empirical MD simulation will be employed to study the nanoscale size and strain rate effects for Au and Pt nanowires with characteristic sizes larger than 2 nm, up to the largest size scale of about 6 nm (consisting of more than 24 000 atoms). The focus of this study was centred on the mechanical response of these nanowires, subjected to uniaxial tensile deformation at three strain rates of increasing order of magnitude. The mechanics of slow strain rate crystalline dislocation deformation was analysed from the stress-strain response and atomic structural rearrangements of the nanowires. The strain rate that leads to a transition between crystalline dislocation deformation and disordered amorphous deformation [19, 20] was identified, with the interesting mixed-mode order-disorder deformation examined. Finally, a detailed investigation and analysis into the basic mechanism behind strain-rate amorphized deformation was presented, with the observation of an interesting materialand size-dependent plastic flow necking characteristic of the nanowires at the highest applied strain rate.
Atomistic simulation methodology and program benchmark
MD simulation was performed on solid fcc Au and Pt nanowires.
The nanowires were subjected to uniaxial tensile strain in the [001] crystallographic direction. In this simulation, nanowires with circular cross-sections were studied.
Circular cross-sections were selected for this simulation as they presented the most stable and natural cross-sectional configuration [40, 48, 49] . Nanowires with diameters of five lattice constants (5φ), ten lattice constants (10φ) and 15 lattice constants (15φ) were simulated. These diameters corresponded to approximate nanowire sizes of 2, 4 and 6 nm respectively. The nanowire length was set at twice the diameter of the nanowire, maintaining a fixed lengthto-diameter aspect ratio of 2. This was to ensure that a non-dimensional size analysis was performed, whereby other effects that are dependent on nanowire length-to-diameter ratio were eliminated. The aspect ratio of 2 was selected in order to prevent the phenomenon of dynamic dislocation and Rayleigh instability occurring at slow strain rates for large aspect ratios of larger than 5 [23, 50] , and the columnar formation of concurrent double necking for short stumps with aspect ratio of smaller than 1 [51] . Hence, Au and Pt nanowires with diameter × length lattice dimensions of 5φ × 10, 10φ × 20 and 15φ × 30 for each material were simulated. This corresponded to atomic systems of 890, 6660 and 24 000 atoms respectively. Figure 1 shows the atomic diagrams for these nanowires.
Nanowire stretching was simulated by displacing the top and bottom fixed atomic planes (brown atoms) in opposite directions at a constant strain rate ofε. The nanowires were strained at three different strain rates of 4×10 8 to correspond to the transition from crystalline deformation at low strain rates (<10 9 s −1 ) to amorphous deformation at very high strain rates (>10 10 s −1 ), as reported in various works [19, 20, 23, 52] for nanowires with characteristic sizes smaller than 2 nm. This study will determine if such transitions take place in nanowires of characteristic sizes larger than 2 nm, and observations on unique phenomena associated with high velocity straining of metallic nanowire will be made.
The Lennard-Jones (LJ) pair potential was conventionally used for MD simulation of fluids and rare gases [53] , but was shown to be manifestly inadequate in the description of metallic bonds [54] [55] [56] [57] . Various empirical many-body interatomic potentials were therefore developed to address this inadequacy. Amongst these were, in chronological order, the effective medium theory (EMT) [58] , the embedded-atom model (EAM) [59] , the Finnis-Sinclair (FS) pair functional formulation [60] and the Sutton-Chen (SC) potential [61] . The development of 'many-body' potentials were such that the later model provided a simpler formulation for the pair functional than the earlier one, which enabled a more rapid and efficient computation of the kinematic and kinetic system quantities via time integration. In the process, significant savings in computation time were achieved as each newer model was adopted. Nevertheless, simplicity in the newer models usually led to a compromise in accuracy in predicting the physical quantities. As such, they must be verified against experimental results or existing simulation works for the specific physical quantity to be investigated, before it was employed for further simulations. The SC potential model was selected for verification of its prediction accuracy for the mechanical properties of metallic fcc nanowires.
Based on the second moment approximation of the tightbinding theory, Finnis and Sinclair determined the non-linear functional of the EAM to be a square root expression, as follows:
Sutton and Chen proposed simple power laws for both the repulsive pair potential and the cohesive pair functional in equation (1) to account for long-range interactions, as follows: Sutton and Chen fitted the potential parameters for ten fcc metals based on the lattice constant, experimental cohesive energy and bulk modulus; this was to be the fundamental form of the SC potential, which was known as the simple SC potential. The simple SC potential provided a good agreement to the experimental bulk modulus and elastic constants (C 11 , C 12 and C 44 ) for most fcc metals, with the exception of Ni and Cu [14, 61, 62] . Rafii-Tabar and Sutton [63] extended the usage of these parameters to study binary alloys of fcc metals. Kimura et al [62] re-fitted the SC potential parameters to arrive at the quantum-corrected SC (Q-SC) potential, which accounted for a more accurate depiction of the vacancy formation energy, phonon dispersion energy and surface energy, but resulted in a poorer estimation of the elastic constants compared to the original simple SC parameters. Since this study is focused on the mechanical response of Au and Pt nanowires, the simple SC potential will be adopted as the potential model for atomistic simulation. Table 1 shows the SC parameters for both Au and Pt [61] . The interatomic force expression is given as
(3) Equation (3) defines the force vector between atomic pair i and j . The positions and velocities of the constituent atoms were determined by solving Newton equations of motion, using the Verlet leapfrog algorithm.
In this simulation, the time-step ( t) was set at 1.0 fs (10 −15 s). The nanowire was first allowed to attain a thermal equilibrium steady state at the simulation temperature of 300 K. This was done based on the Nosé-Hoover thermostat [64] , while maintaining the nanowires at their unstretched lengths. Thermal equilibrium was completed when the percentage variation (δ) of the system temperature about its mean was less than 5% over the final 2000 steps of system equilibration, where δ is expressed as follows:
where δ is the percentage variation, and σ T is the standard deviation, which is defined as the root-mean-square (rms) average of the difference between the system temperature (T ) at each MD step, from the mean system temperature (µ T ), over the final 2000 MD steps. From the simulation, thermal equilibrium was typically achieved in about 0.1 ns (or 100 000 time steps).
It was observed that there were some residual tensile stresses in the thermally equilibrated nanowires. This was attributed to surface contraction in the nanowires due to the surface tension effect in nanoscale structures. This effect was most pronounced in the 5φ × 10 nanowires, which contains the highest proportion of surface atoms. This observation will be discussed in greater detail in the following section. At this stage, the nanowires were progressively contracted along their length by reducing the spacing between the fixed atomic planes over a very small interval. Thermal equilibration was repeated for the contracted nanowire. This process was repeated until the nanowire stress (equation (6) below) upon thermal equilibration was within a near-zero range of ±0.05 GPa, which signifies total relaxation of the nanowire was achieved. Total relaxation of the nanowires was typically completed within five iterations.
Subsequently, the nanowire was axially loaded by applying a constant strain rate along the [001] axis. The atomic system was allowed to expand adiabatically, without any thermal constraints applied. This was to reflect the more realistic internal temperature changes due to structural lattice amorphization under high strain rates [19, 20] . The potential cut-off was set at 2.5a nn , where a nn is the nearest neighbour separation, and a nn ≈ 0.707a in an fcc lattice. At this cut-off value, the interatomic attractive force was less than 0.1% of the interatomic force at a nn .
The localized stress state for atom i at each strain step was taken as an atomic virial expression [65] , as follows:
The axial stress on the nanowire is taken as the average of the local stresses on all atoms:
Equation (6) was subsequently used to determine the stresses in the nanowire at each strain step, and the constitutive stressstrain response of the nanowire under uniaxial elongation can then be obtained. The DL POLY 2 MD simulation package was used in this study. DL POLY 2 is a parallel MD package developed at Daresbury Laboratory (UK) [66] , parallelized based on the message passing interface (MPI) thread, where a hypercube computational architecture [67] was assumed. The program was originally designed to handle equilibrium MD (EMD) simulations, with no options available for handling nonequilibrium MD (NEMD) simulations. The authors had therefore modified the original program to suit the purpose of nanowire straining NEMD simulations. The modified program was benchmarked against two independent works done by Finbow et al [17] and Liang and Zhou [23] . The former simulated Pt and Ag nanowire straining by scaling the 1D periodic boundary box along the [001] axis, in a quasi-static manner, at four different temperatures, and the latter performed simulation of Cu nanowires based on constant velocity stretching of fixed atomic layers at extreme ends, at four different strain rates. Finbow et al employed the simple SC potential for their simulation while Liang and Zhou adopted the EAM. Program benchmarking was performed based on the comparison of first yield stress (σ fy ) and strain (ε fy ), Young's modulus before first yield (E ) and the rupture strain (ε r ) for the Pt, Ag and Cu nanowires. Tables 2 and 3 show the comparison of mechanical properties obtained from DL POLY 2 and the stated works. It can be seen from table 2 that the agreement was excellent for Pt and Ag nanowires. This should be expected as both simulations adopted the same simple SC potential for nanowire simulation. As for the Cu nanowire, table 3 shows that the agreement was generally good with the exception of the Young's modulus, where a difference of about 15% was observed for the strain rate of 1.67 × 10 9 . This was attributed to the poor elastic constant prediction for the simple SC model for Cu [14, 61] , whereby the MD predicted values deviated from the experimental elastic constants by up to 12%, as shown in table 4. Therefore, in the case of the Cu nanowire, the EAM would provide a more reliable prediction for its mechanical behaviour [62] . Table 4 also shows the comparison between the elastic constants predicted by the simple SC potential and experimental data for Au and Pt, at a temperature of 300 K. In this case, excellent agreement was found for Au and Pt, with an absolute mean error of less than 7% between the simple SC-predicted MD model and the experimental results. The simple SC potential was therefore verified as a valid potential for simulation of the mechanical response of Au and Pt nanowires. The modified version of DL POLY 2 was also adequately benchmarked against the MD simulation of mechanical straining of metallic nanowires. Therefore, this simulation will employ the simple SC potential, and MD simulation will be performed by the modified version of DL POLY 2, running on an eight-CPU parallel hypercube architecture. Atomistic visualization was done using Visual Molecular Dynamics (VMD), developed by the Theoretical Physics Group of the Beckman Institute at UIUC (Illinois, US) [68] .
Simulation results
The nanowires shown in figure 1 were first allowed to attain thermal equilibrium at 300 K based on the Nosé-Hoover thermostat. It was observed that, upon thermal equilibration, initial tensile stresses were present in the unstretched nanowires. The magnitude of initial tensile stresses varied inversely with the proportion of surface atoms in the nanowires, as shown in figure 2(a). Initial tensile stresses in unstretched metallic nanowires were similarly observed in numerous other works [17, 18, 21, 23, 42, 52] , but no mention was made of the reasons behind the presence of such stresses in these works.
The presence of initial tensile stresses in the nanowires was attributed to the inward surface relaxation phenomenon in fcc transition metals. Due to the availability of open bonds, surface atoms were at a higher electronic state as compared to atoms situated within the interior bulk and hence possess a higher electronic cohesive energy. This, coupled with asymmetrical bonding of surface atoms with neighbouring atoms, results in surface tension in restrained surfaces and surface contraction in unrestrained surfaces. This effect is usually predominant in nanoscale systems due to the high proportion of surface atoms. It should be noted here that surface atoms were determined to be the atoms that reside within one lattice constant from the surface atomic layer, where the coordination numbers of these atoms were less than 12 in fcc crystals. The proportion of surface atoms in the 5φ × 10, 10φ × 20 and the 15φ × 30 nanowires were therefore determined to be approximately 67%, 36% and 25% respectively, for both Pt and Au nanowires. Total nanowire contraction due to the surface tension effect was determined by allowing the restrained nanowires to relax to a zero initial stress state. This was done by reducing the spacing between the fixed atomic planes in small intervals, until a near-zero stress was achieved upon thermal equilibration. An exact zero stress state could not be achieved for all nanowires due to the occurrence of corner melting in the 5φ × 10 nanowires, which will be discussed in the following paragraph. Figure 2(b) shows the relationship between percentage nanowire contraction and the proportion of surface atoms. In order to ensure that a realistic simulation was performed, it must be verified that the fixed atomic planes do not artificially hold the nanowires in an apparent fcc ordered arrangement, in which, if the restraints were removed, the unrestrained nanowires would take up an alternative order, or even be bulk melted and reduced to an atomic cluster at 300 K. For this purpose, the fixed atomic planes were removed and the unrestrained nanowires were allowed to thermally equilibrate. Figures 3-5 show the atomic structural appearance of the three unrestrained nanowires upon thermal equilibration. It could be seen that the crystalline order, overall cross-sectional geometry and nanowire shape were preserved for all three sizes, with the exception of some small perturbation at the corner atoms. This was due to the smaller coordination numbers of the corner atoms, where kinetic thermal excitations had overcome the total resultant electronic cohesive force, which resulted in corner pre-melting. This phenomenon was especially pronounced in the smallest 5φ × 10 nanowires, where longrange interaction between corner atoms and other atoms within the nanowire was restricted to only five lattice constants in the transverse [100] and [010] directions, and therefore cohesive forces for these atoms were significantly smaller as compared to the two larger nanowires. For this reason, corner premelting was less pronounced in the larger 10φ × 20 and 15φ × 30 nanowires (figures 4 and 5). Due to limited longrange interaction in the transverse directions, it could thus be observed from figure 3 that the corner atoms were generally displaced in the transverse directions only during corner premelting. Corner pre-melting would generally have a negligible effect on the overall mechanical behaviour of the nanowire. This was because, under low strain rates where crystalline order was maintained during deformation, dislocation necking during uniaxial deformation will only occur within the middle two-thirds of the nanowire length. At high strain rates, where amorphization has taken place, the fcc crystalline order of the nanowire will be broken down, and the nanowire will deform and neck like an amorphous strand. Due to the overall lack of crystalline order in the nanowire, disorder at the corner atoms will be indifferentiable from other atoms in the nanowire. It was therefore concluded that the fixed atomic planes do not provide artificial restraints to the nanowires at 300 K, and corner melting observed in unrestrained nanowires would not significantly affect the mechanical behaviour in restrained nanowires where corner melting was prevented from occurring. Next, abrupt energetic drops in the atomic system upon commencement of nanowire straining will be observed and analysed. Figure 6 shows the variation of average cohesive energy per atom over an initial 3% strain for all nanowires. It was first observed that the average cohesive energy per atom for the unstrained 5φ × 10 nanowires was 2% and 2.7% larger than the 10φ×20 and the 15φ×30 nanowires respectively. This was expected as the 5φ × 10 nanowires contained the largest proportion of surface atoms (67%), and since surface atoms exist at a higher electronic state than interior atoms the 5φ × 10 nanowires would logically give the highest average cohesive energy per atom. Next, a sudden drop in cohesive energy was observed upon the commencement of uniaxial strain. It should be noted that due to the fixed sampling interval of 0.4% strain in this study the actual energetic drop profile might not exactly resemble the linear trend as shown in figure 6 . The actual profile might occur over a shorter strain interval, with a nonlinear trend. Detailed analysis of this topic would be out of line from the theme of this study, and will be reserved as a separate investigation. The focus of this study will be the total energy drop instead of the drop profile.
It was observed from figure 6 that the percentage drop in cohesive energy was dependent on the strain rate, which was found to be about 0.1%, 1.0% and 9.0% for the strain rates of 4.0 × 10 8 s −1 , 4.0 × 10 9 s −1 and 4.0 × 10 10 s −1 respectively. The same percentage drop in cohesive energy was observed for both Pt and Au nanowires for all three characteristic sizes. It could therefore be concluded that the percentage drop in average cohesive energy per atom is dependent only on the strain rate at this scale level. The drop in cohesive energy indicated a breakdown in crystalline order of the fcc lattice structure, which is a result of bond energy release due to the breaking of metallic bonds. Bond breaking is a direct consequence of kinetic energy overcoming the interatomic cohesive energy (potential energy), which in turn sets the atoms in random motion. Two sources of kinetic energy were identified, namely thermal excitation and an externally applied momentum. In the former source, the kinetic energy is proportional to kT. Hence, at a sufficiently high T , thermal kinetic energy could overcome the interatomic cohesion force that holds the atoms together in their crystal lattice positions, which results in the phenomenon of thermal melting. As such, a sudden drop in cohesive energy was observed at the onset of melting in metallic nanowires [17] . In the latter source, kinetic energy is proportional to p 2 , where p refers to momentum. Therefore, at a sufficiently high p, crystal order will also be broken. This would be possible if a nanowire was stretched at a high strain rate. In this case, the large momentum applied at the ends propagates into the atomic structure of the nanowire, which overcomes the cohesive energy, resulting in a disordered amorphous deformation [19, 20, 52] . It could therefore be said that a fixed drop in cohesive energy per atom is a good indicator that a phase transformation had taken place, and amorphous disorder had set in. It was previously shown that there was a cohesive energy drop of 40 meV per atom in a Pt nanowire at the onset of melting [17] . In this study, a cohesive energy drop of about 60 meV was observed when the Pt nanowire was stretched at the strain rate of 4.0 × 10 9 s −1 . A parallel could thus be drawn here, that the strain rate of 4.0 × 10 9 s −1 produced crystal lattice disorder equivalent to that at the onset of thermal melting. This implied that a transition between crystallineordered and amorphous-disordered deformation had taken place at an approximate strain rate of 4.0 × 10 9 s −1 . The drop of more than 500 meV at 4.0 × 10 10 s −1 indicated that complete disorder of the crystal lattice had set in and therefore, the nanowire will undergo amorphous deformation. These observations revealed momentum-induced kinetic energy as the main mechanism behind the phenomenon of amorphous deformation of nanowires at high strain rates, where an abrupt drop of 1.0% in cohesive energy indicates the onset of amorphous-disordered deformation. The same observations were made for the Au nanowire.
Upon strain commencement, the nanowires undergo a stress-hardening process up to the first yield strain where, depending on the applied strain rate, an abrupt or gradual reduction in stress was observed. A linear stress-strain relationship was expected before first yield in crystalline-ordered deformation with zero or negligible crystal imperfections. But, due to the possibility of surface premelting in nanowires and the momentum-induced disordered deformation at high strain rates, overall crystalline order may not be preserved even at very low strain magnitudes, and hence linear elastic deformation before first yield may not be valid. A measure of linearity was therefore required to differentiate between non-linear and linear deformation for the nanowires. The statistical correlation coefficient was used for this purpose. The correlation coefficient is a non-dimensional quantity, which expresses the 'strength of relation' between an independent and a dependent statistic, whose relation is fitted to an analytical expression. A coefficient of 1.0 implies a 'perfect fit' of the analytical expression to the two statistics, while a coefficient of 0.0 implies no analytical relationship exists between them. The interested reader may refer to existing reference texts [69] for an in-depth exposition on this topic. In this simulation, the independent and dependent statistics were the nanowire strain and stress, respectively. An analysis was performed for the stress-strain response of the nanowires (figure 7) before the first yield for the lower strain rates of 4.0 × 10 8 s −1 and 4.0 × 10 9 s −1 , and before the attainment of maximum stress for the highest strain rate of 4.0 × 10 10 s −1 . The resulting correlation coefficient obtained from this statistical fitting will be a measure of the 'degree of linearity'. Table 5 shows the correlation coefficients for all nanowires at all strain rates, where values larger than 0.950 was considered to satisfy the requirement of statistical linearity and hence determined to have deformed linearly. The converse is also true. Figure 7 shows the stress-strain response of the Pt and Au nanowires. At the strain rate of 4.0 × 10 8 s −1 , all nanowires showed a linear stress-strain response (table 5) for up to a strain of about 8.4%, before a sudden drop in stress was observed at first yield. At this point, single (111) dislocation planes were developed as shown in figures 8-10. The development of dislocation planes results in a crystal lattice transformation from an fcc structure to a hcp structure at the dislocation interfaces [70] . This transformation leads to stress relaxation, whereby a portion of the crystal structure was displaced. With the exception of the 5φ × 10 Au nanowire, the stresses for other nanowires were abruptly reduced to less than 50% of the first yield stress upon stabilizing into a new atomic configuration, with a single, well defined (111) dislocation plane. Upon full relaxation, the nanowire undergoes a second cycle of linear stress-strain increment, until the development of new dislocations occurs, which causes the whole cycle to repeat itself again. The cyclical stress-strain progression of such heterogeneous plastic deformation produces multiple dislocations in the nanowires. This significantly weakens the nanowire structure, thereby causing a progressively lower peak stress to be achieved at each subsequent cycle. The 60% drop in stress after the first cycle (at first yield), as compared to the smaller stress peaks and stress drops at the subsequent cycles, suggested that the first dislocation plane formed the main slip plane, and subsequent dislocations developed as dislocation branches from main dislocation plane. This would result in dislocation necking, whereby progressive thinning of the nanowire at its neck is a consequence of interfacial slipping of the main dislocation plane. This would determine the eventual location of the neck and rupture point as the point where the main (111) dislocation plane emerges from the surface of the nanowire in the [111] direction. Subsequent slippage along the dislocation fault line results in a neck being formed, as the contact area between the complementary slip interfaces is progressively reduced. From figures 8-10, it could be seen that the point of rupture was rarely found at the mid-height of the nanowire. This was due to the (111) inclination of the main slip plane, which typically developed in the middle two-thirds region of the nanowire. With the two-to-one aspect ratio of the nanowire, formation of the neck was typically found at the one-third or two-thirds height of the nanowire.
Stress-strain linearity was also observed when the nanowires were strained at the higher strain rate of 4.0 × 10 9 s −1 . This linearity was sustained to a larger strain of about 11%, with a first yield stress of up to 15% larger than that when the nanowire was subjected to a lower strain rate, after which simultaneous formation of multiple slip planes was observed, as shown in figures 8-10. In this formation, multiple twinning planes were developed along the entire length of the nanowire, which was particularly evident in the cross-sectional diagrams shown in figures 9 and 10, for the larger 10φ × 20 and 15φ × 30 nanowires respectively. This was unlike the single (111) dislocation plane formation when the nanowire was strained at a slower rate of 4.0 × 10 8 s −1 . This was attributed to the momentuminduced disorder in the nanowire when it was stretched at this strain rate. The disorder weakens the crystal lattice structure and disrupts the discrete lattice order, and the nanowire goes into a mixed-mode heterogeneous-homogeneous plastic flow deformation. Momentum-induced lattice disorder reduces the average cohesive energy by about 60 meV (figure 6) and hence encourages simultaneous formation of multiple dislocation planes in the crystallographically weakened nanowire. This mixed-mode deformation was also evident from the abrupt drop in stress upon first yield, which was a characteristic of low strain rate deformation, and the subsequent absence of cyclical stress-strain response after first yield, where the nanowire displayed a homogeneous plastic flow behaviour commonly observed in high strain rate deformation.
It was noted that the small 5φ × 10 nanowire displayed irregular, cyclical stress-strain behaviour, which indicated the stronger presence of crystalline dislocation slippage after first yield, as compared to the larger nanowires. This was attributed to the higher proportion of surface atoms, whereby a larger momentum was required to induce overall lattice disorder in the nanowire. At this strain rate, the surface atoms would have maintained average crystalline order, which results in the evidence of dislocation slippage after first yield. Momentuminduced disorder in the interior atoms resulted in a marginally more ductile slippage at first yield as compared to the lower strain rate of 4.0 × 10 8 s −1 . The increased ductility showed up in the attainment of a larger first yield strain, a more rounded peak stress at first yield, and a lower 50% drop in stress after first yield. The presence of 'noise spikes' was also observed for both 5φ × 10 Pt and Au nanowires, as shown in figure 7 . This was due to pre-melting of surface atoms due to thermal excitation, which results in the migration of these atoms away from their equilibrium lattice positions, thus causing perturbations in interatomic forces during stretching. Due to the large proportion of surface atoms in the 5φ × 10 nanowires, the effect of surface pre-melting that leads to 'noise spike' fluctuations in nanowire stress was significant as compared to the larger nanowires. The Au nanowire displayed a non-cyclical stress-strain response after first yield, with the presence of a significant number of 'noise spikes' during straining, as seen in figure 7(b) . This was due to the increased thermal perturbation in Au atoms as compared to Pt atoms. The increased perturbation was a result of smaller interatomic cohesive force in Au as compared to Pt. The cohesive force was estimated to be about 35% smaller in Au, estimated from the value of the energy parameter ε in table 1, and the SC interatomic force expression in equation (3) . As such, the Au atoms undergo larger atomic oscillations due to thermal excitation, which showed up as the 'noise spikes' in the stressstrain response.
Finally, it was noted that the necks and rupture point of the nanowires subject to the strain rate of 4.0 × 10 9 s −1 were generally located at the mid-height of the nanowire. This was a direct consequence of the mixed-mode deformation. Formation of multiple twinning planes during initial dislocation was encouraged by the momentum-induced structural disorder. This results in the lack of a clearly defined plane of slippage, which, coupled with amorphous disorder in the regions of dislocation, led to a homogeneous plastic failure at the mid-height of the nanowires.
When the nanowires were subjected to the highest strain rate of 4.0×10 10 s −1 , their fcc crystalline order was completely lost upon strain commencement. A prior study reported that an fcc crystal-to-glass transformation was observed for Ni nanowires at the strain rate of 5.0 × 10 10 s −1 [19] . A similar order-to-disorder transformation was observed in this study for both Pt and Au nanowires. The mechanism behind this transformation was determined to be momentum induced, as seen in the drop in cohesive energy upon strain commencement in figure 6 . From table 5, the smallest 5φ × 10 nanowires and the 10φ × 20 Pt nanowire deformed linearly up to the attainment of maximum stress. On the other hand, the 10φ × 20 Au nanowire and the large 15φ × 30 nanowires deformed in a non-linear fashion upon strain commencement. Due to the homogeneous plastic flow of the disordered structure, the 5φ × 10 Pt and Au nanowires attained a 20% and 45% larger maximum stress respectively as compared to that strained at the slowest strain rate of 4.0 × 10 8 s −1 , as shown in figure 7 . Correspondingly, the nanowire could be stretched up to about 13% strain before an overall reduction of nanowire strength was observed, as compared to 8% and 11% for the strain rates of 4.0 × 10 8 and 4.0×10 9 s −1 , respectively. The disordered nature of the crystal lattice did not allow the formation of well defined slip planes. Instead, a glass-like homogeneous plastic flow behaviour was observed. Due to the absence of dislocation planes, there was no abrupt transformation of the crystal lattice structure during deformation, which would otherwise significantly reduce the interatomic spacing along these slip planes and thereby result in a sudden stress reversal. This allowed interatomic cohesive forces to reach their maximum value during straining, before gradually reducing as the average interatomic distance was increased upon further strain. This also accounts for the gradual rounding of the stress-strain curve at maximum stress in disordered deformation.
An interesting phenomenon was observed when the larger 10φ × 20 and 15φ × 30 nanowires were strained at 4.0 × 10 10 s −1 . The stress-strain response showed a stress rebound at an intermediate point between zero-stress and maximum stress for both nanowires. During the stress rebound, a stress plateau was observed for the 10φ × 20 nanowires and stress drops of 0.47 and 1.15 GPa were observed for the 15φ × 30 Pt and Au nanowires respectively, as shown in figure 7 . The nanowire stress recovered upon further strain after the rebound, until maximum stress was attained. The stress rebound indicated that a certain portion of the nanowire was compressed instantaneously, and then relaxed upon further strain. This was attributed to longitudinal strain waves propagating from the strain source into the nanowire. The reason for the effect of wave propagation being observed at this strain rate was due to the high stretch velocities of 310 m s −1 in the 10φ × 20 nanowires, and 460 m s −1 in the 15φ × 30 nanowires. At such high stretch velocities, the velocity of the fixed atomic planes (the applied strain) was comparable to the resulting strain waves propagating into the nanowire medium. This would result in a Doppler 'red shift' taking place at the strain source. In the Doppler 'red-shift' the shock-wave effect of the applied strain and the propagating strain waves travelling in opposite directions causes interaction between dynamic vibration along the longitudinal axis of the nanowire and the applied axial strain on the nanowire. During the vibration, stress reversals due to the inertial compression of a portion of the nanowire were manifested in the stress-strain response as stress rebounds. This effect was more pronounced and found to occur at approximately regular intervals for the 15φ × 30 nanowires, as shown in figure 7 . On the other hand, the vibration was damped upon the attainment of maximum stress for the 10φ × 20 nanowires. It was further observed that the 10φ × 20 Pt nanowire displayed a dip in the stress-strain response at a strain of about 33%, where the nanowire stress dropped to a near zero value, and subsequently recovered to a peak value of 2.36 GPa at 47% strain. This peculiar phenomenon hinted at an atomic structural rearrangement occurring after the attainment of maximum stress at 12% strain. An investigation into the cross-section of the atomic structure at 50% strain (as shown in figure 9 ) showed that necking was highly localized within the middle third of the nanowire, with good crystalline order maintained at the end thirds. This indicated some atomic realignment in the undisturbed end thirds from a disordered to an ordered arrangement during straining, as could be seen from the comparison of the cross-sectional diagrams at maximum stress and at 50% strain in figure 9 . This observation was absent from the Au nanowire counterpart, where no such stress dips were found; the Au nanowire remained in amorphous disorder during straining, and necking was delocalized at 50% strain. The postulation for this observed phenomenon was that the strain waves would travel a larger distance from the ends into the Pt nanowire, before dissipating at the neck when necking begins to develop at about 12% strain for both Pt and Au nanowires. The reason for strain waves to travel a larger distance in the Pt nanowire before being dissipated was the larger strain wave propagation velocity in Pt, as compared to Au. Following elastic wave analysis, the wave speed of a strain wave (v s ) travelling in an elastic medium is
where E is the Young's modulus of the medium, and ρ is the density of the medium. In this study, the stress-strain response for the 10φ ×20 Pt nanowire displayed a strong linear behaviour before maximum stress was attained, while the Au counterpart showed a non-linear response. Nevertheless, the correlation coefficient of 0.91 for the Au nanowire was a reasonably good linear fit, and an average E could be obtained for both nanowires from the regression analysis shown in figure 11 . From the analysis, it was found that E for the Pt nanowire was 109.90 GPa, and 53.27 GPa for the Au nanowire. The average density before nanowire necking for both nanowires was computed to be 23 620 and 21 079 kg m in the 10φ × 20 Pt and Au nanowires respectively. The 36% higher wave propagation speed in Pt therefore allowed the strain waves to be propagated deeper into the nanowire before necking commenced at the same time for both Pt and Au nanowires. This accounted for the localized necking effect observed in the Pt nanowire, as the strain waves had travelled all the way into the mid-height of the nanowire before wave dissipation at the neck commenced. On the other hand, the strain waves did not have enough time to travel to the mid-height of the Au nanowire before necking began, and hence were dissipated at a location away from the mid-height of the nanowire. The dissipated energy of the strain waves was converted into kinetic energy for the atoms at the neck, hence inducing further disorder that resulted in structural weakening and further necking of the nanowire. Therefore, due to the different points of strain wave dissipation for Pt and Au nanowires, localized necking was observed for the Pt at the middle third of the nanowire, and a more globalized and homogeneous necking was observed for the Au nanowire.
The stretch velocity of 460 m s −1 for the 15φ × 30 nanowires resulted in the formation of multiple necks in the nanowires, instead of a single neck as observed for the other nanowires, as shown in figure 10 . Double necking was observed at approximately 15 and 8Å away from the nanowire ends for the Pt and Au nanowires respectively. Some necking also appeared at the mid-height of the nanowires. An investigation into the stress-strain response of the nanowires showed that there was a cyclical variation of stress as the nanowire was stretched, which resembled a free-vibration response constrained by nanowire stretching. This cyclical stress variation was more pronounced and spaced out in the Au nanowire compared to the Pt nanowire. This was due to the smaller strain wave propagation speed in Au nanowire, which results in a lower propagation frequency and longer strain wavelength due to the more significant 'red-shift' at the strain source. This leads to a lower frequency constrained freevibration response in the Au nanowire, as shown in figure 7 . The double-neck observation was due to the damping out of the strain waves due to the significant 'red-shift' at the strain source, before the waves could be propagated to the mid-height of the nanowires. Strain wave damping could be attributed to the homogeneous imperfections introduced by the amorphous disorder in the nanowire subjected to this strain rate. Due to the lower strain wave speed in the Au nanowire, the strain waves were completely damped at a location nearer to the ends of the nanowire as compared to that in the Pt nanowire. This led to the development of nanowire necks nearer to the ends of the Au nanowire. In the limit, a complete delamination of the fixed atomic planes from the nanowire could be observed at very high strain speeds, where the strain rate approaches the strain wave propagation speed. This is an interesting phenomenon, which would call for a separate investigation into high speed stretching of nanowires. The presence of some necking at the mid-height of the nanowires was due to the transmission of strain waves beyond the 15 and 8Å point from the ends during initial straining, where the double necks would form for the Pt and Au nanowires respectively. The faster strain wave speed in Pt nanowire allowed a more pronounced neck at mid-height to be formed as compared to that in the Au nanowire. Dynamic free-vibration effects also result in a smaller maximum stress attained for the nanowires, which could be seen from the 15% smaller peak stress for the 15φ × 30 Pt nanowire, and a 17% smaller peak stress for the 15φ × 30 Au nanowire, as compared to their 10φ × 20 counterparts. This could be attributed to the dynamic load magnification effect due to the longitudinal vibration, which would lead to overall structural weakening at a smaller stress magnitude.
Finally, the material properties for Pt and Au nanowires were computed and tabulated in table 6. It could be seen that the Young's modulus values for Pt nanowire were between 6.4% to 16.8% smaller than the theoretical bulk value of 168 GPa, while those for the Au nanowire were about 10% smaller than the theoretical bulk value of 78 GPa for the 5φ×10 nanowire. The difference could be attributed mainly to the shortcomings of the simple SC model in predicting the elastic properties. Barring the inadequacy of the SC model, it could be observed that the Young's modulus was smallest for the 5φ × 10 nanowires. As the nanowires increase in size, the Young's modulus approaches the theoretical bulk values. The smaller Young's modulus for the 5φ × 10 nanowires was due to surface pre-melting that had occurred at 300 K. Surface melting significantly reduced the stiffness of the nanowires as, at this size scale, the nanowires consist of about 67% surface atoms. On the other hand, due to the smaller proportion of surface atoms of 36% and 25% for the 10φ × 20 and 15φ × 30 nanowires respectively, the Young's modulus values were progressively larger. Due to momentum-induced disorder, the Young's modulus was also significantly smaller at the higher strain rates of 4.0 × 10 9 and 4.0 × 10 10 s −1 . Nonlinear stress-strain response was observed for the 10φ × 20 Au nanowire and the 15φ × 30 nanowires strained at 4.0 × 10 10 s −1 , due to significant Doppler 'red-shift' at the strain source, resulting in constrained dynamic free-vibration for the nanowire during stretching that led to the observed nonlinearity. The nanowires could also be stretched up to 10% strain before first yield occurs, as compared to the 0.14% and 0.28% strain at first yield for bulk Pt and Au respectively. The tensile strength of the nanowires was about 50 times larger than their bulk counterparts. Besides possessing exceptional strength, the nanowires also exhibited superplasticity during low rate straining, whereby a strain in excess of 60% could be achieved before rupture occurs. Such a combination of exceptional material strength and ductility has rarely been seen in bulk materials.
Conclusion
This paper presents an MD simulation of Pt and Au nanowires with three characteristics sizes of 5φ × 10 (890 atoms), 10φ × 20 (6660 atoms) and 15φ × 30 (24 000 atoms). They were subjected to three different strain rates of 4.0 × 10 8 s −1 , 4.0 × 10 9 s −1 and 4.0 × 10 10 s −1 . At the lowest strain rate of 4.0 × 10 8 s −1 , the nanowires displayed crystalline-ordered deformation governed by the formation of a main dislocation plane and the development of sub-planes around the main plane. The crystalline deformation was reflected in the cyclical stress-strain response, where periodic hardening and a sudden stress drop were observed. The higher strain rate of 4.0 × 10 9 s −1 indicated the transition strain rate magnitude between crystalline-ordered and amorphous-disordered deformation. This was observed from the 60 meV drop in the cohesive energy per atom in the Pt nanowire, which corresponded to a similar drop of 50 meV during the onset of nanowire melting. The mechanism behind strain rate disordered deformation was determined to be momentum induced. A mixed-mode orderdisorder deformation was observed at the strain rate of 4.0 × 10 9 s −1 , where multiple twinning planes were formed at first yield, encouraged by the weakened atomic structure of the nanowire due to momentum-induced disorder. At the highest strain rate of 4.0×10 10 s −1 , dynamic constrained free vibration was observed in the 15φ × 30 nanowires due to the high stretch velocity of 460 m s −1 at the fixed atomic planes, which was comparable to the estimated strain wave speeds in Pt and Au nanowires. This paper has revealed that, since thermalinduced disorder mainly affects the surface atoms, this effect was predominant in the smallest 5φ × 10 nanowires, which has the largest proportion of surface atoms. On the other hand, momentum-induced disorder played an important role in the overall phase transformation of the nanowire from crystalline to amorphous during strain deformation. Finally, the effect of strain wave propagation in the nanowire was significant at 4.0 × 10 10 s −1 , which led to a radically different stressstrain response of the nanowire that consists of periodic stress rebounds, with the formation of multiple necks. The insights from this computational simulation presented an unexplored field for metallic nanowires, doubly strained dynamically at high strain rates. The advent of laser-induced shockproduced from high-powered laser facilities [71] -coupled and applied on AFM tip retraction experiments [32] enable strain rates of up to and above 10 10 s −1 to be produced [72] . This presented an opportunity for the reported phenomena in this work to be observed and verified experimentally. The phenomenon of momentum-induced disorder and strain wave propagation during high-speed amorphous deformation are topics of great interest, which could be further pursued in subsequent simulation works.
